Ocean Wave Energy Converters (OWECs) operating on the water surface are subject to storms and other extreme events. In particular, high and steep waves, especially breaking waves, are likely the most dangerous to OWECs. A method for quantifying the breaking severity of waves is presented and applied to wave data from Coastal Data Information Program station 139. The data are wave height and length statistics found by conducting a zero-crossing analysis of time-series wave elevation records. Data from two of the most severe storms in the data set were analyzed. In order to estimate the breaking severity, two different steepness-based breaking criteria were utilized, one being the steepness where waves begin to show a tendency to break, the other the steepness above which waves are expected to break. Breaking severity is assigned as a fuzzy membership function between the two conditions. The distribution of breaking severity is found to be exponential. It is shown that the highest waves are not necessarily the most dangerous. Even so, waves expected to be breaking are observed being up to 17 meters tall at station 139.
INTRODUCTION
There is currently worldwide interest in developing marine renewable energies, including wave, tidal, and thermal gradient technologies. This paper is focused on Ocean Wave Energy Converters (OWECs) and the need to accurately describe their operating environment with regards to survival. Potential OWEC designs are numerous, while several are beginning to be tested on a large scale (see [1] for a discussion of concepts, [2] for the current state of the field). However, survivability at sea is still an area of uncertainty.
Current guidelines from the European Marine Energy
Centre give an extensive listing of potential factors affecting survivability, listing the "threat of storms" among them [3] .
Storms produce not only high waves, but also steep and breaking waves. Much work has gone into how to specify the return period of an extreme wave height (e.g. the 100-year design wave). This is relevant for many platforms, but it is not necessarily applicable to smaller structures on the ocean surface. For example, a ship may travel over a very high yet long wave with no trouble while the same wave inundates a platform causing extensive damage. Conversely, a shorter plunging breaker may capsize the ship, but pass uneventfully under the platform. Indeed, breaking waves present a special threat to ocean-going vessels, owing largely to their slamming effect, and are responsible for damaging and capsizing many vessels [4] [5] [6] . Today, many OWECs are designed to operate on the ocean surface (as opposed to on a platform), offshore, in waters of moderate depth. In the future they may be farther offshore and in deeper waters. This puts them at the mercy of the weather on the open ocean and may also make them difficult to reach for regular maintenance and inspection. Consequently, in order to be cost effective, OWECs must not only be reliable, but survivable as well [7] . This paper summarizes an attempt at describing the breaking severity of deep water waves during storms. The method involves finding the joint distribution of wave height and period during a storm, and using breaking criteria to determine the danger presented by each wave, assuming danger is indeed linked to the breaking severity. In general, there are three ways to obtain the joint distribution: 1) theoretically, 2) by linear superposition of spectral wave components, and 3) by direct analysis of time-series data. The work presented in this paper was done using the third method, that is, using actual time-series wave elevation data. The distribution of the breaking severities was found to match an exponential distribution very well. However, this work provides no correlation between the breaking severity factor and the actual expected breaking wave geometry, which must be known in order to make an accurate estimate of the forces induced by breaking waves on OWECs and other structures.
METHODS AND DATA
This work has been done using data from the Coastal Data Information Program (CDIP) station 139 off the coast of Oregon (43° 46.00 N 124° 33.05 W., 186 m depth). The station is a Datawell directional buoy. In addition to spectral and parameter data, CDIP makes the raw time-series data available as well. The time-series data gives x (north-south), y (east-west), and z (vertical) displacements at 1.28 Hz. The buoy was deployed in July 2006, so the available data set at the time of writing spans July 2006 through January 2010. While only the vertical displacement from the x-y-z data was used in this work, it should be noted that the buoy is moving in a Lagrangian reference frame, that is, the buoy may have a slightly different x-y location at each end of a wave. Thus, the measured wave periods may not be the same as if they had been measured in a Eulerian reference frame [8] (e.g. by a wave staff on a fixed platform).
Spectral analyses are performed by CDIP every half hour, thus sea state parameters are given in half-hour intervals. Given that m 0 is the zeroth moment of the wave energy density spectrum, the significant wave height (H S ) is recorded as
Identifying Storms
Dangerous sea states occur during storms, when sustained high winds generate high and steep waves. Other factors such as currents and wave directionality are not considered here. Storm events may be identified from the significant height records using a method described by Boccotti [9] . An interval in the significant height record is considered a storm if H s is above the storm threshold for more than 12 hours and does not fall below the threshold for more than 12 hours. The suggested threshold is 1.5 times the annual average H S (3.5 m for this data set). However, this value tended to yield drawn out storm events with poor distinction between peak values. A threshold value of 4 m was found to give a much clearer distinction between individual storm events. There were a total of 52 storm events identified with peak significant heights ranging from 4.9 to 10.4 m. The top ten storms, ordered by the maximum significant height that occurred during the storm, are shown in Table 1 . Note that there does not appear to be a direct correlation between storm duration and related intensity. This is also apparent through the Equivalent Triangular Storm concept shown by Arena and Pavone [10] . There were no storm events between April and September, and the worst storms tended to be in December and January. Storms 1 and 7 will be discussed more throughout the paper. They are similar in shape as seen on the H S records in Figure 1 , but have an interesting difference in the occurrence of dangerous waves. Specifically, it will be shown that during storm 1, steeper waves are generated at the beginning of the storm while the sea state is growing. On the other hand, steeper waves during storm 7 occur while the significant height is relatively low. This illustrates the point that the highest individual waves are not necessarily the most dangerous; wave steepness and breaking must also be accounted for. Wave Elevation Time-series Analysis Once a storm interval was known, a time-series record of surface elevation during that interval was used to analyze the recorded individual storm waves. The surface elevation was analyzed using a zero down-cross technique as described by Myrhaug and Kjeldsen [11] . A wave was defined between the two points where the water surface crosses the still water line (SWL) as shown in Figure 2 . The wave length (L) was calculated using the deep water dispersion relation and wave period (T), and the steepness (S) was taken as the height over the length. 
Since the data is discrete and the sampling frequency was not very high, the zero crossing location was not always very well defined. Therefore, linear interpolation between the two points on either side of the SWL was used to find a more precise zero crossing point.
The buoy data is quality controlled by CDIP before it is written to the x-y-z displacement file. Details of their procedures and file types can be found on the CDIP website. Data identified as 'bad' is left out of the x-y-z files. Even so, some spikes are still present in the files and are generally attributed to data transmission errors. Such a spike in the wave elevation data is shown in Figure 3 . Since these file errors would cause errors in the zero-crossing analysis, the data was quality controlled again in two ways. First, if a gap was found in the timestamp, then the data does not form a continuous wave and the data between the zero-crossing on either side of the gap was discarded. Second, if a spike was identified, the data between zero-crossings was discarded. Spikes were identified by a positive excursion above 10 m, a value that was found to work well for this data set. In total, less than 1% of waves were discarded from most storms, storm 1 being a notable exception with 8% discarded, with the majority of the errors being from data gaps. 
WAVE BREAKING AND SEVERITY
Before discussing the causes of wave breaking on deep water, it may be best to discuss why breaking waves should be considered dangerous. A spilling breaker will have a turbulent flume of water preceding its crest, while a plunging breaker can generate a vertical wall of water or a jet of water pounding down from above. Exactly how the water strikes an object on the surface will depend on the geometry of the object. In either case, the object will be subjected to impact and turbulence. The effects of such impacts on ships is discussed by Myrhaug and Dahl [5] and Kjeldsen [6] . The concern is that the impacts and turbulence could generate extreme loads on certain OWECs. Thus it would be useful to know how severe the breakers will be and how often they will occur.
To describe breaker occurrence and severity, we must have some understanding of wave breaking. In deep water, a steepness-based breaking criteria is typically assumed, though its value does not seem altogether concrete. Peirson and Banner [12] note that there are generally three ways to induce wave breaking: 1) relative motion of subsurface obstacles, 2) modulated wave train group structure, and 3) wind. Moving subsurface objects are not relevant here, and wind is generally responsible for creating microscale breakers (L < 0.5m) that are also not relevant here. Thus, it is noted that steep and breaking waves generally arise due to wave group modulation. By this it is meant that waves at the dominant wave frequency (carrier waves) are affected by waves at other frequencies, creating a modulated wave train that is inherently unstable.
Several interesting studies have been done in connection to finding a useful breaking criterion. In the literature, steepness is often given as ka, where k = 2π/L is the wave number and a is the wave amplitude. Ochi and Tsai [13] found ka = 0.29 (or S = 0.092) to be accurate as a breaking criterion for irregular waves. Reid [14] observed that modulated wave packets with a steepness greater then ak = 0.20 (S = 0.064) will evolve to breaking. Melville [15] observed a similar situation, noting that waves with a higher initial steepness would break with greater intensity. These two values may be used as upper and lower breaking criteria to estimate the severity with which a given wave may break. If we take the lower value as zero, and the upper value as unity, then we may define the breaking severity as a function of steepness:
b = 0.064 0.092 = 0.69 (6) where S N is the wave steepness normalized to the upper breaking criteria, and b is the normalized value of the lower breaking criteria. This is in essence a fuzzy membership function, and is shown more clearly in Figure 4 . 
A Breaking Severity Factor
The danger presented by a breaking wave will not depend only on how steep the wave is, but will also depend on its size. Thus, it would be useful to have a factor that described both the height and steepness of a wave. Given a function of wave height, f(H), we may define a breaking severity factor as
Lacking a single sensible value to normalize the wave height against, the function f(H) may simply be taken as H. Then (7) becomes B = H ! f (S) (8) Note that this parameter has units of length. It is possible that this parameter may be related to some physical dimension of breaking waves, such as the likely height of the breaking front, or possibly the distance for which it will break. If such a relation exists, a calibrating coefficient would need to be introduced to properly adjust the numerical values, and such a coefficient would need to be found experimentally. At this time no such relation exists and this paper does not attempt to introduce one. It will suffice for now to remember that given a breaking severity factor, it means that a wave at least as high as the factor is expected to be breaking. For example, a factor of 12 means that a 12-meter wave is "fully breaking", or a higher wave is "partially breaking".
JOINT DISTRIBUTION OF HEIGHT AND PERIOD
Viewing waves on a joint distribution plot allows us to see how all of the waves are related in both height and period. However, it lacks a time dimension, so it is difficult to see how the wave field evolves over time. In particular, it may be of interest to compare wave steepness at different times in a storm. To show this, we may plot the joint distribution of wave height and period for different intervals during a storm. For example, we can split a storm into three intervals: beginning, middle, and end. Figures 5 and 6 show the joint distribution of wave height and period during storms 1 and 5, respectively. The upper (S = 0.092) and lower (S = 0.064) breaking conditions are shown as well.
From Figure 5 it is apparent that the waves are generally high for the entirety of storm 1, but have relatively short periods at the beginning that become longer as the storm progresses. Thus the steepest and potentially most dangerous waves occur earlier in the storm. Figure 6 shows the opposite trend for storm 7. While the waves are higher during the first part of the storm, they are not generally in the breaking region. During the final third of the storm however, there is a high concentration of steep waves. Referring back to Figure 1 , we see that the significant wave height during the final third of the storm is not very high (~ 4.5 m), yet this is where the most dangerous waves of the storm seem to be occurring.
The steepest edge of all of the distributions shown seems to follow a line of constant steepness (particularly the first third of storm 1 and the final third of storm 7), indicating that the waves are indeed subject to a steepness limit. However, some of the waves are seen to be above the upper breaking condition. In this analysis, these waves are simply assigned f(S) = 1, and their breaking severity factor is equal to their height. This raises some question on the adequacy of these breaking conditions, but a greater question is the effect that breaking waves have on the wave record. If water overtakes the recording buoy, then the buoy will be subject to more chaotic motion and the record will not reflect the true water surface. This process may be why so many short 'waves' are on record which surpass the breaking condition. 
BREAKING SEVERITY FACTOR DISTRIBUTION
The breaking severity factors calculated using (8) are plotted on the next page in Figure 7 for storms 1 and 7. The wave height is also plotted for each storm. The horizontal axis on these plots is incremented by wave. That is, every point on the horizontal axis represents one zero-crossing wave during the storm. The first wave of the storm is the first point on the left, the last wave of the storm is the last point on the right. There are almost 30,000 waves in each storm, so each plot contains that many points. Note that on the breaking severity factor plots most of the points are zero, because only waves with S > 0.064 have a breaking severity factor. The purpose of these plots is to illustrate the fact that high waves do not necessarily mean dangerous waves. During storm 1 we see that there are four intervals when the waves are noticeably higher. In contrast, the breaking severity factor drops off steadily during the second half of the storm, and the subsequent resurgences of high waves do not produce a corresponding increase in breaking severity. However, it is true for storm 1 that the intervals of highest breaking severity factors roughly correspond to intervals of high waves. During storm 7 we notice that the waves are high in the first half of the storm, and are generally lower in the second half, while the breaking severity factor is low for the first half and high during the second half.
Cumulative Probability Distribution
Since we want to know about how breaking waves are distributed in a storm and how often they will occur, it is useful to plot the breaking severity factor against its cumulative probability. That is, given n breaking waves in a storm (those above the lower threshold), the probability of the most dangerous wave is 1/n. Such a plot was found to be well fitted by the exponential distribution P(X ! B) = e " #B (9) where P(X≥B) means the probability of the set of breaking waves with a breaking factor greater than or equal to B. The parameter λ indicates how quickly the probability of dangerous waves falls. Given a number of breaking waves, a lower value of λ indicates that more dangerous waves are probable. This distribution is plotted for storms 1 and 7 in Figure 8 using a logarithmic scale on the ordinate axis. This plot emphasizes the more dangerous, lower probability waves, and λ is apparent as the slope of each line.
The breaking factor for the most dangerous wave of a given storm may be calculated by setting the RHS of (9) equal to 1/n and solving for B: Table 2 lists the parameter λ along with the actual and calculated maximum breaking severity factor for the top ten storms introduced in Table 1 . The calculated maximum breaking severity factor was found using (10) , where n was the number of breaking waves. 
Implications for OWEC Design
In order to determine the forces a breaking wave will induce on a structure the geometry of the wave must be given. Assuming a geometry, an approximate slamming load may be calculated (see Chakrabarti [16] ). Finally, the response of the structure may be predicted and used to aid in the design process. Examples of structural response analyses have been given by Boccotti [9] , primarily for breakwaters, and by Chakrabarti [16] for fixed and floating offshore platforms. These well-known procedures should be of great use to any OWEC designer.
An issue that needs further clarification is exactly how the breaking severity factor correlates to the actual breaking wave geometry. A higher breaking severity factor only states that a wave of at least a given height is expected to be breaking 'more severely'. While this does not yet help elucidate the force distribution a structure will be subjected to, it may still be useful for a qualitative discussion on the repercussions of breaking waves on structure geometry or site selection.
The possibility of high breaking waves brings up the question of OWEC survivability. No matter the device efficiency, it will be useless if it cannot survive storms at sea. The vulnerability and survival strategies of OWECs do not seem to have been rigorously addressed to date, but there seems to be three general ways to handle dangerous waves.
First, all vulnerable parts can be located safely above the water surface as is done on most platforms. This seems impractical for OWECs because they need to operate at the water surface and constructing such platforms would likely be prohibitively expensive. Second, the body and structure of the OWEC must be designed to directly withstand the force of severe breaking waves. To achieve this with confidence, the distribution of expected wave geometries must be known. Finally, the device could be located below the water surface where wave breaking would have little effect. If the device is submerged only when threatened, then the designer should know how often a given site will produce a sufficient threat. Knowing the breaking severity distribution at the site could help evaluate the threat.
CONLCUSIONS
A breaking severity factor for deep water waves was defined as the wave height times a function of its steepness. Two steepness based breaking criteria were utilized to define the function. All of the waves in two separate storms were presented on a series of joint distribution plots which also show the breaking criteria. Each wave was identified by applying a zero down-crossing analysis to actual wave elevation time-series data. The breaking severity factor of each wave was also shown for both storms, and the cumulative distribution of the breaking severity factor was shown to be well fitted by an exponential distribution.
Using this distribution, OWEC designers can predict how many breaking events of a given severity a device will be subjected to during a storm. This knowledge can assist in the effort to increase the survivability of OWECs by guiding the improvement of OWEC designs, and by identifying risks at a given site.
